Myelinated nerve fibers are designed in an optimal manner which requires tuning of conduction time with millisecond precision. This involves the highly coordinated differentiation of axons and myelin-forming glial cells; the nature of the signals involved in this axon-glial cell dance are beginning to be elucidated.
Every student learns, as part of the catechism of neurobiology, that myelination increases the conduction velocity of action potentials along nerves. But important aspects of the function of myelinated nerve fibers, and of the structure-function relationships that shape this function, remain incompletely understood. For example, what is the optimal conduction velocity within the nervous system? What structural and molecular characteristics of nerve fibers determine their conduction velocity? And how are the structural and molecular organizations of the myelinated fiber regulated during development? Recent results are shedding new light on these questions, and in particular revealing the importance of communication between axons and glial cells in the building of a smart nerve fiber.
Maximal conduction velocity and its structural prerequisites
A rapid speed of conduction clearly has adaptive value for certain neural systems, and it appears that some myelinated axons have evolved so as to maximize conduction velocity. In a pivotal paper published in 1951, Rushton [1] examined the structure-function relationships that determine conduction speed in myelinated axons. He noted that their conduction velocity is linearly correlated with diameter and proposed that, at a given diameter, there is a particular myelin thickness that maximizes conduction velocity. For myelin that is too thick or too thin, conduction velocity will fall from this maximum.
Similarly, conduction velocity is dependent on the distance between nodes of Ranvier -the rings of unmyelinated, excitable membrane that punctuate the myelin sheath and which form the stepping stones along which axon potentials 'jump' during saltatory conduction. For a fiber with a fixed diameter, the relationship between the internode distance and conduction velocity has the shape of an inverted U with a broad maximum, and with a lower conduction velocity for axons with short internode distances in which, as a result of the large number of nodes, the action potential must make a large number of saltatory jumps [2] .
Rushton [1] noted that, within most axons in peripheral nerves, the myelin thickness and internode distance correspond to the predicted optima, implying that, as a result of evolutionary pressure, these axons are constructed 'optimally' so as to maximize conduction velocity. He posed, but did not answer, the question of how the developing nerve fiber regulates these parameters. There is a molecular parallel to this optimization principle: although the safety factor for conduction in mammalian myelinated axons is large, conduction velocity shows a degree of dependence on sodium conductance -that is, on the number of sodium channels at the node. The actual value of the nodal sodium conductance in peripheral nerve appears to maximize conduction speed. This raises again, at the level of the ion channel, the question of how the morphogenesis of myelinated nerve fibers is regulated.
Delay line function and axon-glial relationships
Although evolutionary pressures appear to have favored maximization of conduction velocity in some axons, optimizing nerve fiber function does not necessarily entail maximizing conduction velocity. In some neural systems there is a need for precise timing -not necessarily maximization of speed -of axonal conduction. One particularly well-understood example is provided by electromotor systems in fish, in which electrocytes, located at various distances from a command nucleus in the brain, must fire synchronously in order to generate a coherent electrical discharge ( Figure 1 ). In these systems, axons function as Delay line function in axons involves matching of internode distance to the required conduction speed. Internode distance is adjusted so that conduction velocity differs in the two axons shown to compensate for their different lengths, so that if stimulated simultaneously they deliver a simultaneous input to their respective targets. timed 'delay lines' -conduction times in the electromotor axons are precisely tuned so as to meet this need for synchrony of discharges arriving at the electrocytes [3] .
Another elegant example of precisely timed axonal conduction velocities is provided by the olivocerebellar projections, which carry information to Purkinje cells in various parts of the cerebellum. Despite significant differences in the length of individual olivocerebellar axons, the conduction time along them is close to constant; this isochronicity ensures synchrony of Purkinje cell activity with millisecond precision [4] . A third example is provided by retinal ganglion cells located at different eccentricities within the retina, whose axonal conduction speeds are tuned so that differences between conduction times to the lateral geniculate nucleus are minimized [5] . In all of these cases, optimization of nerve fiber function involves tuning of the axon so that conduction time is adjusted to a precise value. The structural substrates for this tuning include, in accordance with Rushton's optimization principle, a matching of axon diameter and internode distance [6] to functional requirements ( Figure 1 ). The specificity of axon-glial relationships along these myelinated fibers meets precise functional needs.
Building the nerve fiber
How do myelinated fibers develop with a structure that permits them to maximize or otherwise tune their conduction velocity? Although we do not fully understand the sequence involved in morphogenesis of the myelinated fiber, a number of steps in the formation of myelin and nodes of Ranvier are understood ( Figure 2 ). Before their ensheathment by primitive glial cells and myelination, premyelinated axons exhibit a low density of sodium channels [7] which appear to be distributed uniformly along the length of the axon [8] . The differentiation of nodes of Ranvier appears to begin even before compact myelin is formed. As the axons are ensheathed by glial cells, but before the formation of compact myelin, loose clusters of sodium channels, extending several micrometers along the length of the fiberseveral times the length of a normal node -develop within the axon membrane [8] [9] [10] .
Compact myelin is then formed and, as paranodal junctions are established between the myelinating oligodendrocyte and the axon, sodium channels are excluded from the underlying axon membrane [8, 11] , consistent with the idea that these specialized axon-glial cell junctions limit the diffusion of sodium channels within the axon membrane and confine them to the node of Ranvier [12] . The structure of the internodal axon membrane subsequently changes following the formation of myelin, suggesting that sodium channel expression is suppressed so that axonal excitability is lost in the internode following myelination [13] .
According to this developmental scheme, clusters of sodium channels appear at sites that are to become nodes before compact myelin is formed. The idea that 'hotspots' of sodium channels can develop, in the absence of compact myelin, has precedent in observations of discrete islands of node-like membranes along specialized non-myelinated axons. Examples of such islands occur in the nerve fiber layer of the retina [14] and in demyelinated axons which, before they are remyelinated, can develop 'phi-nodes' -foci of inward membrane current which presumably represent clusters of sodium channels -at sites that presumably will develop into nodes of Ranvier [15] . These observations indicate that sodium channel clustering can occur in the absence of compact myelin; they do not, however, argue against a role of glial cells in inducing or maintaining clusters of sodium channels. In each of these instances, although compact myelin is clearly not required, non-myelinating glial cells are present, close to the hotspot of sodium channels [14, 16, 17] . This suggests a role for glia in the initiation or maintenance of sodium channel clustering in neurons. But what do the glial cells do?
Glial factors and axon membrane differentiation
Several recent studies have begun to provide evidence suggesting that glial factor(s) do indeed influence sodium channel expression in neurons. Vabnick et al. [18] confirmed that, in developing peripheral nerves, sodium channel aggregation occurs almost exclusively in axons that have been contacted by Schwann cells. They also observed that, in nerves where Schwann cell mitosis was blocked with mitomycin, sodium channel clustering was sharply reduced, and concluded that Schwann cell processes induce aggregation of sodium channels in the axon membrane. Support for this conclusion is provided by the work of Dugandzija-Novakovic et al. [19] , who studied demyelinated nerves and found that, when Schwann cell proliferation was blocked with mitomycin, sodium channel aggregation was prevented.
Further evidence for an effect of Schwann cells on sodium channel expression in neurons has been provided by studies which show that, following co-culture of dorsal root ganglion neurons with Schwann cells or culturing in Schwann-cell-conditioned medium, sodium channel mRNA levels are up-regulated, and there is an increase in sodium channel immunoreactivity and sodium current expression in these neurons [20] . These observations imply that a Schwann-cell-derived soluble factor can effect sodium channel expression in neurons, and suggest that the regulatory pathway involves, at least in part, changes at the transcriptional level.
Kaplan et al. [21] examined sodium channel distribution on central nervous system (CNS) axons issuing from retinal ganglion cells in vitro. These investigators observed that, in cultures in the absence of glia, diffuse sodium channel immunoreactivity was present but the sodium channels did not cluster. In contrast, when retinal ganglion cells were cultured directly with, or suspended over, a conditioning layer of optic nerve glia, sodium channel clusters were formed along the axons. Co-culture of retinal ganglion cells with purified oligodendrocytes and astrocytes, and culturing in glial-conditioned medium or optic nerve extract, demonstrated that a soluble, oligodendrocyte-derived cluster-inducing factor is necessary for the induction, but not the maintenance, of sodium channel clustering. These results suggest that, in addition to forming myelin, oligodendrocytes induce clustering of axonal sodium channels.
The axon as a frame of reference
Kaplan et al. [21] made a further notable observation. They found that the sodium channel clusters were regularly spaced even in the absence of direct axon-glial cell contact, with an average intercluster distance similar to that predicted for developing nodes of Ranvier. This result hints at the existence of an intrinsic mechanism, within the axon, that participates in the determination of spacing between nodes. The idea that the axon participates in specifying the location of nodes is supported by studies on the electrocyte axons in the gymnotid fish Sternarchus [22] .
The specialized Sternarchus axons possess two types of node of Ranvier [23] . Type I excitable nodes are electrogenic and produce action potentials, and have a normal structure. Type II nodes do not generate action potentials -presumably because they have a low density of sodium channels -and act as a series capacitance. This property of the type II nodes requires a large surface area, which is provided by the 50 m length of the nonmyelinated region at these nodes and is markedly augmented by a polypoid ruffling of the axon membrane. The type II nodes are located in two specific regions along these axons, in the anterior one-third of the anteriorly running axon segments, and in the posterior one-third of the posteriorly running segments ( Figure 3) . As a result of this complex architecture, action potentials in these electromotor axons are transformed into diphasic external signals which constitute the electromotor discharge of the fish [23] .
Remarkably, following amputation of the tail, Sternarchus regenerates a new one, including a new electric organ complete with electromotor axons that have type I and type II nodes at the correct locations [22] . The type II nodes develop their ruffling of the axon membrane even before myelination occurs, and Schwann cells can be seen exploring the axon membrane and avoiding the type II nodes before they form myelin over the (presumptive) internodal regions. Thus, in this model system, it appears that the axon membrane differentiates primum mobile into internodal and several types of nodal membrane located at specific sites along the axon, providing a referential framework on which Schwann cells subsequently form myelin [22] .
It is likely that, even along more conventional myelinated fibers, the axon provides the myelinating cell with cues that help specify the location and thickness of the myelin. Nodes characterized by a wide non-myelinated gap are not confined to the Sternarchus electromotor axons, but also occur in the mammalian CNS. Internode distances in the mammalian nervous system are reduced in specific regions, such as close to axon branch points where impedance matching is needed. As noted above, ultrastructural studies indicate that the axon begins to differentiate, and displays foci of membranes with nodal properties, before the onset of myelin compaction [8] [9] [10] . Together with the earlier finding that internode distance is matched to axonal requirements [1, 6] , these results are consistent with the idea that the differentiating axon regulates the distance between, and size of, the nodes of Ranvier along it, possibly by providing a signal that demarcates the region to be covered by the myelinforming cells.
The axon probably also participates in the regulation of myelin thickness. Single oligodendrocytes can myelinate several axons with different diameters; rather than forming myelin of a fixed diameter, these oligodendrocytes form thicker myelin around the larger axon [24, 25] . This suggests that the axon specifies, in a localized way, the number of myelin lamellae formed by a single oligodendrocyte process. Consistent with the view that myelin formation is regulated locally by axons, polyribosomes and ribosome-studded endoplasmic reticulum [24] , as well as mRNA for myelin proteins [26] , are present in distal parts of oligodendrocyte processes, close to the axons that are triggering myelin formation.
Closing the loop to function
This brings us back to the optimization of axonal function and its substrates in terms of the structure of myelinated fibers. The results reviewed above suggest that glial cells, and factor(s) derived from them, participate in controlling the aggregation of sodium channels along axons; they also imply that the axon can serve as a frame of reference that specifies myelin sheath thickness and the location of, or at least the distance between, nodes of Ranvier. Axons and glial cells thus both appear to be active players in the morphogenetic sequence leading to formation of the mature myelinated fiber. The presence of isoforms of ankyrin [27] and the ankyrin-binding proteins neurofascin and NrCam [28] at the node may provide a clue to the signals and receptors that mediate the dialog between axon and associated glial cells.
An understanding of these axon-glial cell interactions may not, however, tell the entire story. The importance of maximizing conduction velocity in some nerve fibers, and precisely timing impulse conduction in others, imposes a requirement for millisecond precision in the design of myelinated fibers and suggests that the morphogenesis of these fibers may have to be guided by functional feedback. Activity-dependent processes, in some cases sensitive to the timing of neuronal activity, can affect neural development, and it has recently been suggested that action potential activity can enhance the formation of myelin by oligodendrocytes [29] . The development of myelinated fibers seems to involve a matching of their physiological properties to a functionally adaptive range. Activity-dependent, functional feedback could play a role in this process and help to shape the morphogenesis, and thus the function, of myelinated nerve fibers.
